The unusual polyamines, sym-homospermidine (homoSPD) and canavalmine (CAN), were found in the seed of Canavalia species such as C. gladiata, C. ensiformis, and C. brasilensis, but not in those of other leguminous crops. To examine the distribution and metabolism of homoSPD and CAN in sword bean, C. gladiata cv Shironata, polyamine analysis was carried out throughout the life cycle of this plant. During seed germination, putrescine (PUT), spermidine (SPD), and spermine (SPM) were accumulated in the radicle and hypocotyl. HomoSPD and CAN were, however, maintained at very low levels over a 6-day period of germination. In nodulated sword bean plants, a large quantity of homoSPD was found in the root nodule. CAN was detected exclusively in the senescent nodule at very low concentrations. These polyamines were not detected in any other organs including root, stem, leaf, vine, flower, and pod, while PUT, SPD, and SPM were always found in those organs. As plants reached the reproductive stage, homoSPD and CAN appeared in the immature seed and their concentrations increased as seed formation progressed. By contrast, the level of SPM continuously decreased during seed development. In developing seeds, considerable accumulation of canavanine, an analog of arginine, which is a precursor in polyamine biosynthesis, was also observed.
The aliphatic polyamines, PUT,' SPD, and SPM, occur ubiquitously in living organisms. These organic polycations are known to be involved in various cellular metabolic processes including synthesis of proteins and nucleic acids (1) . The physiological and biochemical significance of polyamines in plant growth and development has recently been reviewed (21, 24) . In addition to the widespread usual polyamines, structural analogs, in which the length of methylene chain or the arrangement of aliphatic groups in the amines differs from the usual polyamines, have been found in certain organisms (19) . Hamana and Mat- suzaki (10) proposed that these unusual polyamines could serve as chemical phylogenic and taxonomic markers. Recently, we found two unusual polyamines, homoSPD and CAN, in the seed of sword bean Canavalia gladiata (5) . HomoSPD, NH2(CH2)4NH(CH2)4NH2, has been found in a wide variety of organisms such as bacteria (11, 18, 22, 26) , algae (10, 20) , lower and higher plants (15, 28, 29) , and certain vertebrates (14, 17) . On the other hand, CAN, NH2(CH2)4NH(CH2)3NH(CH2)4NH2, appears to be a unique tetraamine, since, to our knowledge, the occurrence of CAN in nature has not been demonstrated. The 'Abbreviations: PUT, putrescine; homoSPD, sym-homospermidine; CAN. canavalmine; CAD, cadaverine; SPD, spermidine; SPM, spermine.
pharmacological effects of CAN on cultured animal cells have been reported in recent years (7, 8) . The mechanism of biosynthesis and the potential role of these rare polyamines in plants, however, remain to be worked out. The present paper describes the distribution and metabolism ofhomoSPD and CAN throughout the growth period of sword bean plants (C. gladiata cv Shironata). The occurrence of polyamines in various leguminous seeds, including other species of Canavalia, has also been demonstrated.
MATERIALS AND METHODS Plant Materials. A variety of leguminous seeds including
Glycine max, Phaseolus angularis, P. mungo, P. vulgaris, P. lunatus, Pisum sativum, Vicia faba, Vigna sinensis, Arachis hypogaea, Dolicos lablab, and Canavalia gladiata were supplied by the Seed Storage Laboratory, Division of Genetics, National Institute of Agricultural Sciences in Japan. Canavalia seeds (C. gladiata cv Philippines, C. ensiformis cv India, and C. brasilensis cv Mexico) were obtained also from the Southern Regional Plant Introduction Station, Plant Germplasm Quarantine Center, Beltsville, MD. Except for the experiment in which polyamine composition of various leguminous seeds was analyzed, sword bean plants (C. gladiata cv Shironata) were used throughout the present physiological study. The sword bean seeds, soaked in a tap water overnight, were sterilized with 75% ethanol and allowed to germinate at 28°C in the dark on moistened filter paper. Samples were taken at 2-d intervals, and the cotyledons and embryonic axes were separated. The embryonic axis was further divided with a razor blade into the radicle and hypocotyl.
The sterile sword bean seeds were sown and grown also in a field at the Agricultural Experimental Farm of the University of Osaka Prefecture, Japan. The root, stem, leaf, vine (curling tip of the stem), flower, and pod were obtained from well-nodulated plants harvested during 4 to 6 months after sowing. All these organs were chopped or minced, weighed, and stored below -20°C. The developing seeds detached from the pods were grouped into six stages by their size as follows: stage I, <6 mm; stage II, 11 to 15 mm; stage III, 16 to 20 mm; stage IV, 21 to 25 mm; stage V, 26 to 30 mm; and stage VI, >30 mm. The seeds at stage VI were dehydrated by keeping them at room temperature for several months after harvest. The root nodules, which were collected from the roots during the early to late reproductive stage, were divided into two classes: one capable of active nitrogen fixation (active nodule) and the other which had lost nitrogen-fixing ability (senescent nodule). These nodules were easily distinguished by the color of a nodule slice; the inside of the active nodules was red to brownish, but that of the senescent nodules was green. In another experiment, the active nodules were further separated into plant cells and bacteroid cells by the method of Bergersen (2) (6) . Authentic homoSPD and CAN were chemically synthesized and purified as described earlier (5) .
Amino Acid Analysis. An aliquot of the acid extract obtained as above was applied to a Dowex 50W-X8 column described above. The column was washed only with distilled H20, and amino acids were eluted from the column with 6 N HCI. The eluate was evaporated, dissolved in sodium citrate-HCl buffer (pH 2.2), and subjected to amino acid analysis using an amino acid autoanalyzer. The pH of the buffer employed for the elution of basic amino acids was modified from the usual pH 5.28 to 5.10, because the unusual amino acid canavanine was not separated from the peak of NH3 under the normal conditions used in the amino acid analyzer. Authentic canavanine obtained from Nakarai Chemicals was used for calibration of canavanine content in the extracts.
RESULTS

Analysis of Polyamines in Various Leguminous
Seeds. To examine whether homoSPD and CAN are uniquely formed in the seed of Canavalia, a variety of leguminous seeds (13 species, 19 cultivars) were subjected to gas chromatographic analysis of polyamines (Table I) . Except for a small amount of homoSPD in the seed of P. vulgaris (cv Shirokintoki), homoSPD and CAN were found exclusively in the seed of Canavalia species, i.e. C. gladiata, C. ensiformis, and C. brasilensis. Levels of PUT in mature dry seeds were much lower than those of SPD and SPM.
CAD is an unusual diamine which is known to occur in soybean Glycine max seeds (16, 27) . The occurrence of CAD was confirmed in three cultivars of G. max. This diamine was found to be present also in some Canavalia seeds. The peaks derived from other novel polyamines such as norspermidine, norspermine, and thermospermine, which have been detected sporadically in certain organisms (19) , were not detected on the gas chromatograms of the extracts from these leguminous seeds.
Changes in Polyamine Content during Germination of Sword Bean Seeds. Among Canavalia species, sword bean C. gladiata cv Shironata was chosen for the present study because ofits good germination. Table II shows the distribution of polyamines in mature sword bean seed. PUT, SPD, and SPM were present in the embryo at very high concentrations, indicating that these polyamines are synthesized and pooled in this organ during seed maturation for the forthcoming development of the embryonic axis after seed germination. CAN, however, was not found in the embryo. HomoSPD was distributed in all the organs of the seed. The seed coat, a highly differentiated organ, contained all the polyamines including CAD, but their concentrations were very low compared to those in the embryo or cotyledon. The changes in the level of each polyamine in the cotyledons, radicle, and hypocotyl over a 6-d period of seed germination are shown in Figure 1 . In the cotyledons, PUT, which was present in only small quantities in this organ (Table II) , sharply increased during germination. SPD and SPM, major polyamines in the cotyledons, did not follow the pattern of PUT. Rather, SPD content decreased during a 4-to 6-d period, suggesting that active polyamine oxidation occurs in the cotyledons during seed germination. HomoSPD and CAN were maintained at very low levels in the cotyledons over the 6-d period. In the radicle and hypocotyl, PUT, SPD, and SPM levels markedly increased after germination, although the rise in the level ofSPM was somewhat delayed. In contrast to the striking accumulation of usual polyamines in the radicle and hypocotyl, only a trace of homoSPD was found in these organs over a 6-d period. A low level of CAN Table III . Among the organs examined, nodules were the site richest in polyamines. Indeed, the concentration of PUT in nodules which are active in nitrogen fixation was more than 100-fold that ofthe other organs. The total polyamine content of active nodules was more than twice as great as that of senescent nodules. Both the active and senescent nodules contained the high concentration of homoSPD. The level of homoSPD was comparable to that of SPD in these tissues. CAN, however, was detected exclusively in the senescent nodules at very low concentrations. Neither homoSPD nor CAN was detected in any other organs including the root, stem, leaf, vine, pod, and flower, while PUT, SPD, and SPM were always found in those organs.
To examine the contribution of nodule bacteria in the synthesis of polyamines in root nodules, active nodules were crushed in a phosphate buffer and separated into a bacteroid fraction and a soluble fraction derived from the host plant. These fractions were quite different in polyamine composition (Table IV) . Most of the PUT, SPD, and SPM in the nodule was found in the nodule-soluble fraction; 93% for PUT, 87% for SPD, and 77% for SPM. The concentration of homoSPD, however, was higher in the bacteroid fraction than in the soluble fraction. Indeed, homoSPD accounted for 71% of total polyamines in the bacteroid fraction.
Changes in Polyamine Content in the Developing Sword Bean Seeds. Field-grown nodulated plants were the source of developing seeds. The mean fresh weight ofeach class of seed is shown in Figure 2A . The seeds at stage I were not fully differentiated and the cotyledon was immature. No significant amounts of homoSPD and CAN were detected in the seeds at this early phase. The unusual polyamines occurred in the immature seeds at stage II, in which cotyledons and embryonic axes were clearly distinguishable, and their concentrations gradually increased during seed development (Fig. 2, B and C) .
Changes in the levels of PUT, SPD, and SPM during seed growth exhibited somewhat different profiles from those of homoSPD and CAN (Fig. 2, D Duration of Germination (Days) this reduction of PUT is unknown, this phenomenon may be common to leguminous seeds, since most of the leguminous seeds stored in a dry state after harvest contained only small quantities of PUT as shown in Table I .
Change in Canavanine Content in the Developing Sword Bean Seeds. The presence of canavanine, an analog of arginine, was first reported in Canavalia seeds (13) . Because arginine is known to be an essential precursor in polyamine biosynthesis in plants, it seems possible that canavanine, if it occurs in the seed in large quantities, might influence the normal pathway of polyamine synthesis. In order to know whether the synthesis of the unusual polyamines, homoSPD and CAN, in the sword bean seed is associated with the occurrence of canavanine, changes in the content of this amino acid during seed development were inves- tigated. The chromatographic separation of basic amino acids in the extract of fully mature sword bean seed is illustrated in Figure  3 . Extremely high levels of canavanine were detected in the seed and the amount of canavanine far exceeded that of arginine. Canavanine content increased strikingly during seed development, while the level of methionine, a precursor amino acid for SPD and SPM biosynthesis, was very low and, by contrast, decreased at late phases of seed maturation (Fig. 4) . Canavanine in the seed was largely confined to the cotyledons, but it was not detected in significant amounts in the embryo (results not shown). This distribution was similar to that of CAN (Table II) .
DISCUSSION
The distribution and metabolism of homoSPD and CAN during the life span of sword bean plants were quite different from those of more common polyamines. The potential role of the usual polyamines in macromolecular synthesis and in cell division has already been demonstrated (1, 21, 24) . In fact, during seed germination, PUT and SPD levels markedly increased in the radicle and hypocotyl (Fig. 1) , possibly due to de novo synthesis of polyamines in these rapidly growing tissues. In contrast, homoSPD and CAN did not show any remarkable change in the cotyledon, radicle, and hypocotyl, suggesting that these compounds are not actively synthesized during germination and that they are less important than other polyamines in the processes of germination of sword bean seed. Previously, we reported that CAN, when added to the culture medium of erythroleukemia cells, brought about depressed synthesis of protein and RNA and caused inhibition of the cell growth (7) . In the present study, it was shown that CAN did not occur in the embryo of mature seed (Table II) or in the radicle ofgerminating seed (Fig. 1) , in which cell division rapidly progresses. CAN, which was present in the seed coat and cotyledons, may have a role in defending the embryo against insects or fungi.
HomoSPD and CAN were restricted to the seed and root nodules, while PUT, SPD, and SPM occurred in all parts of sword bean plants. According to Young and Galston (30) , polyamines are generally not transported in vivo in higher plants. Our present observation also indicates that homoSPD and CAN are not translocated from nodules into developing seeds, since no traces of homoSPD and CAN were found in the pod or the stem through which various organic compounds are conveyed to the seed. It is therefore likely that these unusual polyamines are synthesized in the seed. Concurrent occurrence ofcanavanine in sword bean seed (Fig. 3) is of special interest, because this unusual amino acid is known to inhibit the activity of arginine decarboxylase (EC 4.1.1.19), which catalyzes decarboxylation of arginine to form agmatine (23) . In fact, the content of agmatine, an intermediate in PUT biosynthesis, in sword bean seed was recently found to be exceedingly low (12) . Furthermore, in the present study the content of methionine, an aminopropyl donor in the synthesis of SPD and SPM, was also shown to be very low in contrast to the striking accumulation of canavanine during seed maturation (Fig. 4) . These facts imply that a normal anabolic pathway of polyamines is unlikely to proceed actively in these cells. The continuous decrease in SPM concentration during seed growth (Fig. 2F) suggests that SPM is rapidly decomposed to SPD or PUT in such developing seed. This may be responsible for the slight increase of PUT and SPD observed in late phases of seed maturation (Fig. 2, D and E) . Taking these results together, it appears that homoSPD and CAN might be formed through the process of the interconversion or the reconstruction of these usual polyamines. Assuming that this is true, the enzyme systems which transfer the aminobutyl moiety to PUT or to SPD must be present in sword bean seed. The pathway of homoSPD synthesis from two molecules of PUT via Shifts base formation has been proposed by several workers (15, 25, 26) . However, a selective aminobutyl transfer reaction to the aminopropyl group of SPD has not been hitherto recognized. Further work is needed to characterize the enzymes involved in the synthesis of these rare polyamines in sword bean seed.
Leguminous plants are known to produce unique substances such as leghaemoglobin (3) and ureide compounds (4) in their root nodules by symbiotic association with Rhizobium. The occurrence of homoSPD in legume root nodules and in certain nodule bacteria was first observed by Smith (22) . This polyamine has also been found in nitrogen-fixing photosynthetic bacteria such as Rhodopseudomonus (26) , Rhodospirillum, and Chromatium (11) . Hamana et al. (9) reported that homoSPD was always detected as the major polyamine in nitrogen-fixing cyanobacteria, but it was rarely found in the strains unable to fix nitrogen. These facts are suggestive of the potential role of homoSPD in the normal growth of various nitrogen-fixing organisms. In the present study, it was ascertained that sword bean root nodules also contained high concentrations of homoSPD (Table III) . The results further indicated that appreciable amounts of homoSPD were distributed not only in the bacteroid fraction but also in the soluble fraction derived from the host plant (Table IV) . It seems likely that the biosynthesis of homoSPD could be of key importance in proliferation of nodule bacteria within the host plant cells. In this regard, an important question for future study is whether the homoSPD in the soluble fraction is released from bacteroid tissues to regulate the plant cell growth, or produced by plant cells to stimulate or to maintain the bacterial growth for the promotion of nitrogen fixation.
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